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ABSTRACT
Context. The chemical composition of stars is intimately linked to the Galaxy formation and evolution.
Aims. We aim to trace the chemical evolution of the Galactic disk through the inspection of the [X/Fe]-age relations of 24 species
from C to Eu.
Methods. Using high-resolution and high-signal-to-noise UVES spectra of nine solar twins, we obtained precise estimates of stellar
ages and chemical abundances. These determinations have been integrated with additional accurate age and abundance determinations
from recent spectroscopic studies of solar twins existing in the literature, comprising superb abundances with 0.01 dex precision.
Based on this data set, we outlined the [X/Fe]-age relations over a time interval of 10 Gyr.
Results. We present the [X/Fe] - age relations for 24 elements (C, O, Na, Mg, Al, Si, S, K, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, Cu,
Zn, Y, Ba, La, Ce, Nd, and Eu). Each different class of elements showed distinct evolution with time that relies on the different
characteristics, rates and timescales of the nucleosynthesis’ sites from which they are produced. The α-elements are characterised
by a [X/Fe] decrement as time goes on. Strikingly, an opposite behaviour is observed for Ca. The iron-peak elements show an early
[X/Fe] increase followed by a decrease towards the youngest stars. The [X/Fe] for the n-capture elements decrease with age. We also
found that both [Mg/Y] and [Al/Y] are precise stellar clocks, with [Al/Y] showing the steepest dependence with age.
Conclusions. Knowledge of the [X/Fe]-age relations is a gold mine from which we can achieve a great understanding about the
processes that governed the formation and evolution of the Milky Way. Through the reverse engineering of these relations we will be
able to put strong constraints on the nature of the stellar formation history, the SNe rates, the stellar yields, and the variety of the SNe
progenitors.
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1. Introduction
“The principal value of abundance determinations from stellar
spectra is the clues they give to the nuclear history of stellar
matter and, more generally, of the matter in the whole Galaxy”
(Cayrel & Cayrel de Strobel 1966). Fifty years after this pioneer-
ing work on stellar chemical abundances, the study of the chemi-
cal evolution of our Galaxy is still one of the main research areas
in modern astrophysics.
Important hints on the formation and evolution of galax-
ies are locked into the chemical compositions of stars. All the
metals originate from stars that enrich the interstellar medium
(ISM) with their own unique pattern of elements depending
on their mass and initial metallicity. In fact, each specific el-
ement has been produced by different sites of nucleosynthesis
that contribute to the chemical evolution of galaxies with differ-
ent timescales.
The Type II supernovae (SNe II) are the evolutionary ter-
minus of the most massive stars (M & 10 M⊙) and are mainly
responsible for the production of α-elements (e.g., C, O, Mg,
⋆ Based on observations obtained at the ESO VLT at Paranal Obser-
vatory (Observing program 083.D-0871).
Si, S, Ca, Ti). Since the massive stars have very short lifetimes
(.10−2 Gyr), the SNe II have polluted the interstellar medium
(ISM) since the very early stages of Galaxy’s evolution (see Mat-
teucci 2014). On the other hand, the Type Ia supernovae (SNe Ia)
explosions are thought to be the final fate of white dwarfs gradu-
ally accreting mass from a binary companion (single-degenerate
scenario) or the result of the merger of two white dwarfs (double-
degenerate scenario); they are important producers of iron-peak
elements (e.g., Cr, Mn, Co, Ni). Owing to the relatively low mass
of the SNe Ia progenitors, the timescales in which they operate
are typically longer (∼1 Gyr) than those of SNe II. However, the
SN Ia play a somewhat ambiguous role in astrophysics due to
the large variety of progenitors that are responsible for differ-
ent SN Ia subclasses with diverging properties (see Hillebrandt
et al. 2013 for a recent review). For instance, among the differ-
ent SNe Ia, it has been proposed the existence of a class that
operated shortly after (∼100 Myr) the beginning of the stellar
formation and that could have played a role in the early Galac-
tic evolution, but they seem a minor fraction (<15-20%) of the
SNe Ia (Bonaparte et al. 2013).
Last but not the least, all the elements heavier than Zn (Z>30)
can be produced in different environments; they are commonly
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dubbed as neutron- (n-) capture elements, since they are syn-
thesised in stars through n-capture processes: neutrons are fused
into nuclei that, if unstable, can β decay transforming neutrons
into protons. There are two types of n-capture processes: if the
neutron capture timescale is longer than the decay timescale, we
will have a slow- (s-) process, otherwise a rapid- (r-) process will
occur. The neutron-capture timescales are largely determined by
the neutron number densities (nn): the s-process occurs when
nn.108 cm−3 (Busso et al. 1999), while the r-process takes place
with much higher densities (nn∼1024−28 cm−3; Kratz et al. 2007,
and references therein). This means that the two processes re-
quire very different astrophysical environments: the s-process
is thought to occur in low- and intermediate-mass stars (i.e., 1-
8 M⊙) during their AGB phase, while the large nn required for
the r-process suggest that they likely occur during SN explo-
sions (e.g., Arlandini et al. 1999; Sneden et al. 2008; Karakas
2010; Winteler et al. 2012; Fishlock et al. 2014; Karakas & Lat-
tanzio 2014). However, it has also been argued that not all SN
explosions can host r-process. Namely, only low-mass (.11M⊙)
SNe are likely sites for the synthesis of r-process elements (see
Cowan & Sneden 2004, and references therein). Nevertheless,
other sites have also been hypothesised as responsible of the pro-
duction of these elements, including colliding neutron stars (Ar-
gast et al. 2004; Korobkin et al. 2012) and black hole/neutron
star mergers (Surman et al. 2008). Anyhow, the actual produc-
tion site(s) of the r-process are not known at present (Cowan &
Sneden 2004; Thielemann et al. 2011).
Due to this variety of nucleosynthesis channels, the abun-
dance ratios of two elemental species having different origin and
characteristic timescales for release into the ISM, can behave as
cosmic clocks by which the formation timescales of various stel-
lar populations (e.g., thin and thick disk) can be determined (e.g.,
Gilmore et al. 1989; Chiappini et al. 1997; Recio-Blanco et al.
2014). Through this information it could also be possible to re-
veal additional clues on the stellar formation rate, the initial mass
function, the mass and metallicity of the SNe progenitors, the oc-
currence of SNe and AGB stars and their timescales of elemental
pollution (e.g., Tinsley 1979; Matteucci & Greggio 1986; Yoshii
et al. 1996; Matteucci & Recchi 2001; Venn et al. 2004; Pipino
& Matteucci 2009; Tsujimoto & Shigeyama 2012; Jiménez et al.
2015; Vincenzo et al. 2016).
In addition, knowledge of the relations between the abun-
dance ratios and age would put strong constraints on all these
variables. However, the difficulties in providing precise age
determinations of main-sequence stars and the age-metallicity
degeneracy of stellar populations prevented for decades from
achieving accurate information on the age-abundances depen-
dencies (Edvardsson et al. 1993). Hints of these relations have
been achieved for n-capture elements in field stars (Bensby et al.
2007; Battistini & Bensby 2016). Additional clues come from
the study of the chemical composition of open clusters for which
ages are much better constrained than field stars (D’Orazi et al.
2009; Maiorca et al. 2011). These studies revealed an increas-
ing contribution of s-process elements from low-mass (1-4 M⊙)
AGB stars as time goes on. Also, Magrini et al. (2009) noted that
the [α/Fe] ratio is slightly higher for the oldest clusters.
Only recently, a series of spectroscopic studies (Meléndez
et al. 2012, 2014; Bedell et al. 2014; Ramírez et al. 2014a;
Nissen 2015; Biazzo et al. 2015; Spina et al. 2016) showed
that, through accurate equivalent widths (EWs) measurements of
high-quality spectra and a strict line-by-line excitation/ionisation
balance analysis relative to the solar spectrum, it is possible to
achieve chemical abundances at sub-0.01 dex precision and ex-
tremely accurate atmospheric parameters and stellar ages.
Using this approach, Nissen (2015) (hereafter N15) de-
termined the atmospheric parameters, ages and high-precision
abundances of 14 elements from C to Y in a sample of 21 solar
twins, spanning over an age interval of eight Gyr. This analysis
revealed for several elements the existence of tight linear corre-
lations between [X/Fe] and stellar ages. These correlations are
positive for most the elements from C to Zn, with the only ex-
ception of Ca and Cr, which respectively show flat and a slightly
negative correlations. Also Y decreases with increasing age, in
agreement with the previous studies on s-process elements. On
the other hand, N15 noted that the elements Na and Ni seemed
to be not well correlated with the stellar ages. Recently, Spina
et al. (2016) (hereafter S16) analysed a sample of 14 solar twins
and they studied the [X/Fe] vs age relations for all the elements
analysed by N15 plus another eight species. They confirmed the
general behaviour previously found by N15, but for C, O, Na,
S, Ni, and Zn they found greater [X/Fe]-age slopes compared to
those found by N15. They suggested that this difference may be
due to a turnover in the [X/Fe] - age relations occurring at ∼6
Gyr. In fact, while the sample studied by N15 covers ages up to
8 Gyr, all the solar twins considered by S16 are younger than
6 Gyr and partially sample the non-linear relations (e.g., see Na
in Fig. 1).
In the present paper we aim to provide new key insights on
the [X/Fe] vs age relations for 24 species from C to Eu, through
the exploitation of high-quality data of solar twins spanning ages
from 0.5 to 10 Gyr. In Section 2 we describe the spectral anal-
ysis and the determination of [X/Fe] ratios and stellar ages. The
[X/Fe] vs age relations are discussed in Section 3. In Section 4
we present our concluding remarks.
2. The data set
A part of the data set that we employed for our study comes from
the observation and spectral analysis of a new study of nine solar
twins. The resulting information has been integrated with high-
precision [X/Fe] ratios and ages for solar twins taken from the
literature.
2.1. Spectroscopic observations and data analysis
A sample of nine solar-twins were observed using UVES
mounted on the Very Large Telescope during the nights 29-30
August 2009 (program 083.D-0871). The UVES spectrograph
was used in the configurations that cover 306-387 nm in the blue
and 480-1020 nm in the red chip. Each star was observed with
a spectral resolution of R∼65,000 in the blue and 110,000 in
the red. The final signal-to-noise ratios (S/N) are within 750 and
1300 pixel−1 at 672 nm with a median of ∼1000. In addition to
the solar-twins, a short exposure of Juno was performed to ac-
quire a solar spectrum with a S/N of 1250 pixel−1. The UVES
data was reduced by hand using IRAF, as described by Monroe
et al. (2013) and Tucci Maia et al. (2015).
Our method of analysis of the nine solar twin spectra is sim-
ilar to that described by Spina et al. (2016). Namely, we em-
ployed a master list of atomic transitions from Meléndez et al.
(2014) that includes 86 lines of Fe I, 14 of Fe II, and ∼200 lines
of other elements. Using the IRAF splot task and adopting the
same approach described by Bedell et al. (2014), we measured
in all the solar twin spectra and in the solar spectrum, the EWs
of the absorption features listed in the master list. We detected
in the spectra absorption features of 24 elements besides iron (C,
O, Na, Mg, Al, Si, S, K, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn,
Y, Ba, La, Ce, Nd, Eu).
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We fed the qoyllur-quipu1 code with our EW measurements
and it automatically estimated the stellar parameters by perform-
ing a line-by-line differential excitation/ionisation balance anal-
ysis of the iron EWs relative to the solar spectrum. Namely, the
q2 code iteratively searched for the three equilibria (excitation,
ionisation, and the trend between the iron abundances and log
(EW/λ)). The iterations were executed with a series of steps
starting from a set of initial parameters (i.e., the nominal so-
lar parameters) and arriving at the final set of parameters that
simultaneously fulfil the equilibria. Further details on this pro-
cedure can be found in Ramírez et al. (2014b). For our analysis
we adopted the Kurucz (ATLAS9) grid of model atmospheres
(Castelli & Kurucz 2004) and we assumed the following solar
parameters: Te f f=5777 K, log g=4.44 dex, [Fe/H]=0.00 dex and
ξ =1.00 km/s. The errors associated with the stellar parameters
are evaluated by the code following the procedure described in
Epstein et al. (2010) and Bensby et al. (2014). Since each at-
mospheric parameter is dependent on the others, this approach
takes into account this dependence by propagating the error as-
sociated with the fulfilment of the three equilibrium conditions
in every single parameter. The resulting stellar parameters and
their uncertainties are reported in the first columns on Table 1.
Once the stellar parameters and the relative uncertainties
have been determined for each star, q2 automatically employs
the appropriate atmospheric model for the local thermody-
namic equilibrium (LTE) calculation of the chemical abundances
through the 2014 version of MOOG (Sneden 1973). All the el-
emental abundances are normalised relative to the solar values
on a line-by-line basis. The q2 code calculates the error budget
associated with the abundances [X/H] taking into account the
observational error due to the line-to-line scatter from the EW
measurements (standard error), and the errors in the atmospheric
parameters. When, as for K, Ce, La, and Eu, only one line is de-
tected, the observational error was estimated by repeating the
EW measurement five times with different assumptions on the
continuum setting, adopting as error the standard deviation.
The q2 code also calculates the non-LTE (NLTE) corrections
for the oxygen abundances as a function of the stellar parame-
ters assuming the NLTE corrections computed by Ramírez et al.
(2007). As shown by Amarsi et al. (2016), for Sun-like stars
these corrections are in good agreement with the more recent
grids of NLTE corrections provided by Fabbian et al. (2009) and
Amarsi et al. (2016). Nevertheless, we performed a quantitative
test in order to evaluate how much our final oxygen abundances
are affected by the choice of different grids of NLTE corrections.
For this test we considered the two stars for which we expect the
most extreme NLTE corrections to be applied: HIP73815, which
has the most discrepant log g from the solar one, and HIP77883,
that has the most discrepant Te f f from the solar value. We found
that the differential corrections in oxygen abundance between
the grid of Amarsi et al. and that of Ramírez et al. is 0.003 dex
for HIP73815 and 0.002 dex for HIP778832. These quantities
are much smaller than the uncertainties that we obtained for the
oxygen abundances (i.e. ≥0.007 dex). For practical reasons we
keep the oxygen abundances corrected for the Ramirez’s grid,
since that grid is already implemented in the q2 code.
1 Qoyllur-quipu or q2 (Ramírez et al. 2014b) is a
Python package that is free and available online at
https://github.com/astroChasqui/q2
2 The grid of Ramírez et al. establishes a oxygen NLTE corrections
of −0.022 dex for HIP73815 and 0.000 dex for HIP77883, while the
grid of Amarsi et al. predicts corrections of −0.025 and +0.002 dex,
respectively.
In addition to this test, we verified on the same two stars if
NLTE corrections for additional elements should be taken into
account. Based on the grid provided by Bergemann et al. (2012)
we applied the differential NLTE corrections on 28 iron lines,
that embody ∼30% of all the iron lines measured in the spectra
of these stars. All other iron lines with EW measurements are
not included in that grid. We found that differential NLTE ef-
fects are negligible for iron, since it would account for a [Fe/H]
increment of 0.002 dex in HIP73815, while the iron abundance
of HIP77883 remained unaltered. We repeated the experiment
for Na using the grid provided by Lind et al. (2011). For the star
HIP73815, the NLTE Na abundance differs from that obtained
through MOOG by 0.003 dex. As for iron, no differences have
been seen for HIP77883. Then we employed the grid described
in Meléndez & et al. (2016) to derive these differential correc-
tions also for Mg and Ca. Also for these two elements, the NLTE
effects are negligible, since are less than 0.005 and 0.004 dex for
Mg and Ca, respectively. These experiments3 show that the dif-
ferential NLTE corrections for Fe, Na, Mg, and Ca are small
relatively to uncertainties that we obtained for the abundances of
these elements. As it has been shown by other authors (Meléndez
et al. 2012; Meléndez & et al. 2016; Nissen 2015), differential
NLTE effects in solar twins are negligible for all the other ele-
ments that we detected. According to this, the oxygen is the only
element that has been corrected for differential NLTE effects.
In addition, through the blends driver in the MOOG code,
we took into account the hyperfine/isotopic splitting affecting
the following elements Sc, V, Mn, Co, Cu, Y, Ba, La, and Eu.
We assumed the HSF line list from the Kurucz database4.
Given the atmospheric parameters and their uncertainties, the
q2 code also calculates the age and mass probability distributions
for each star according to the Yonsei-Yale isochrone set (Yi et al.
2001; Kim et al. 2002). Details on this procedure are given by
Ramírez et al. (2013, 2014a).
The analysis described in this Section allowed us to deter-
mine the atmospheric parameters, ages and masses for the nine
solar twins observed through the UVES spectrograph. These val-
ues are listed in Table 1. The sample fully covers the age range of
thin disk stars, from 0.8 to 8.0 Gyr. The [Fe/H] values are within
−0.053 and 0.065 dex. The typical precisions that we reached
are σ(Te f f )=4 K, σ(log g)=0.012 dex, σ([Fe/H])=0.004 dex,
σ(ξ)=0.01 km/s, σ(Age)=0.5 Gyr and σ(Mass)=0.005 M⊙. All
the chemical abundances are listed in Table 5.
Recently, Ramírez et al. (2012) analysed the kinematics of
seven solar twins of our sample establishing that they belong
to the thin disk population. Assuming the parallaxes and proper
motions from van Leeuwen (2007), and the radial velocities
from Soubiran et al. (2013), we determined that HD20630 and
HIP73815, the two stars of our sample not analysed by Ramírez
et al. (2012), have a probability ≥0.97 of belonging to the thin
disk population according to the membership criteria by Reddy
et al. (2006).
2.2. The data set from the literature
We integrated the dataset achieved from our UVES observations
with the [X/Fe] and age determinations provided by N15 and
3 The NLTE corrections for Fa and Na have been calculated
through the interactive database INSPECT v1.0 available online at
www.inspect-stars.com. For Mg and Ca we adopted an iterpolator
written for IDL.
4 The Kurucz database of atomic transitions is free and available at
http://kurucz.harvard.edu/linelists.html.
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Table 1: Stellar parameters.
Star Te f f log g [Fe/H] ξ Age Mass
[K] [dex] [dex] [km s−1] [Gyr] [M⊙]
18Sco 5818±3 4.457±0.010 0.054±0.004 1.01±0.01 3.0±0.4 1.040±0.002
HIP56948 5793±6 4.473±0.022 0.019±0.005 1.01±0.01 2.6±1.0 1.024±0.008
HIP102152 5724±3 4.357±0.009 −0.013±0.003 0.99±0.01 8.0±0.3 0.971±0.003
HD20630 5747±8 4.510±0.016 0.065±0.007 1.12±0.01 1.4±0.6 1.025±0.006
HD202628 5836±7 4.503±0.013 0.009±0.005 1.04±0.01 0.8±0.6 1.047±0.008
HIP30502 5741±3 4.435±0.008 −0.053±0.003 0.98±0.01 5.7±0.4 0.969±0.003
HIP73815 5796±3 4.320±0.008 0.028±0.003 1.07±0.01 7.1±0.2 1.012±0.004
HIP77883 5702±3 4.378±0.011 0.023±0.003 0.97±0.01 7.5±0.4 0.971±0.003
HIP89650 5849±3 4.403±0.011 −0.013±0.003 1.07±0.01 5.1±0.5 1.017±0.005
S16. The former ensured a dataset of 18 thin disk stars and 3
high-α-metal-rich stars, which are a population first identified by
Adibekyan et al. (2011). As suggested by Haywood et al. (2013),
this population is part of the thick disk and is characterised by
having higher [<α>/Fe] values (∼0.1 dex) with respect to the
normal thin disk stars. For simplicity, hereafter we will refer
to the high-α-metal-rich stars as “thick disk stars”. For the star
18Sco, which has been analysed both in the present work and
by N15, we adopt the values determined here. We note that the
agreement between our [X/Fe] ratios and those of N15 is within
one sigma with very high confidence given that the mean differ-
ence ∆[X/Fe] (N15 − this work) = 0.006 dex (σ=0.006 dex) and
that only [O/Fe] (out of 12 elements) have a difference that is
marginally over the 1-sigma error.
In addition we included the dataset from S16, who analysed
13 thin disk and one thick disk star, determining ages and [X/Fe]
ratios. One star, HD45184, has been analysed by both S16 and
N15. As for 18Sco, a high level of consistency resulted from the
atmospheric parameters and abundances values determined for
this star by N15 and S16, indicating that the data set provided
by our group is homogeneous with that of Nissen. For HD45184
we assumed, when available, the N15 values that are based on
higher-quality spectra, otherwise we used the S16 determina-
tions.
We also included in our dataset the age and abundances
determinations provided by Yana Galarza et al. (2016) for
HIP 100963 and the abundances determined by Tucci Maia et al.
(2014) for 16Cyg A and 16Cyg B. For 16Cyg A/B, we corrected
the oxygen abundances for the NLTE effects through the same
procedure described in Section 2. Since Tucci Maia et al. (2014)
did not analyse the n-capture elements, the [X/Fe] ratios of these
latter have been taken from Ramírez et al. (2011), as well as the
age determination of this system.
Our final dataset includes [X/Fe] ratios and ages for 41 thin
disk and four thick disk stars.
3. [X/Fe] vs age relations
As we mentioned in the introduction, chemical properties of
stars provide extremely important insights on the mechanisms
responsible for the Galaxy formation and evolution. In this sec-
tion we discuss, first, the [X/Fe] vs age relations for the elements
from C to Zn, then those for the n-capture elements (i.e., from Y
to Eu).
3.1. The elements from C to Zn
The [X/Fe] vs age relations for the elements with Z≤30 are plot-
ted in Fig. 1. We note that the [X/Fe] ratios of most of the species
are highly correlated with the stellar ages and that each element
is characterised by its own relation. Fig. 1 also shows that the
thick disk stars do not necessarily follow the main distributions
traced by the thin disk population. However, for some elements,
like Ca and Cr, they appear to follow the thin disk distribution.
The difference between thin and thick disk stars is clearly visible
in the α-elements of which this thick disk population is system-
atically overabundant (as noted also by Adibekyan et al. 2011;
Haywood et al. 2013), but also in some iron-peak elements (such
as V, Co, and Ni), and in Na, Cu and Zn. For this reason we
treat the thick disk stars separately from the sample of thin disk
stars. As we can see, the boundary between the thin and thick
disk populations is located at ∼8 Gyr ago. This age is in per-
fect agreement with the formation age of the thin disk based on
the G-dwarf metallicity distribution for stars in the solar vicinity
(e.g., Chiappini et al. 1997).
From 8 Gyr towards younger ages, the chemical content of
the thin disk highly evolved through time, with each specie un-
dergoing different characteristic types of evolution. Each pe-
culiar behaviour must reflect the variety of the yields and
timescales due to different sites of synthesis. Most of the [X/Fe]-
age distributions seem nonlinear and, in some cases, also non-
monotonic. Only potassium does not exhibit a definite depen-
dency with age, probably because its abundances are only based
on the saturated line at 7698.97 Å; and also some weak telluric
contamination may be present.
3.1.1. Fitting of the [X/Fe]-age relations
For all the elements, except potassium, we proceed to fit the
[X/Fe] vs age relations traced by the 41 thin disk stars assuming
three different models and using the orthogonal distance regres-
sion method (Boggs & Rogers 1990), which takes into account
the uncertainties on both [X/Fe] and ages5. First, we performed
the fit employing a straight line function, defined as follows:[ X
Fe
]
= a + b × Age[Gyr].
This very simple model has only two parameters, and it has been
assumed also by N15 and S16 for their data fitting. The final
parameters and their uncertainties are listed in the second and
5 For the data fitting we used the python scipy.odr package
(http://docs.scipy.org/doc/scipy/reference/odr.html).
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Fig. 1: [X/Fe] ratios of the elements with Z≤30 as a function of stellar ages for the nine solar twins analysed here (circles). We
also plotted the measurements taken from the literature as triangles. The red triangles represent the thick disk stars. The [X/Fe]-age
distributions have been fitted by linear, hyperbolic and two-segmented line functions showed as blue dashed, red solid and green
dashed lines, respectively. The parameters related to these functions are listed in Table 2. Note that the y-axes ranges are different
from element to element, in order to properly visualise our entire data set. Article number, page 5 of 13
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third columns of Table 2 and plotted in Fig. 1 as blue dashed
lines. We note that these slopes are in agreement with those of
N15 within their uncertainties for all the elements, except for
carbon. In the first three columns of Table 3, we reported for
each element the average of the residuals (σ[X/Fe]) and the re-
duced chi-square (χ2
red) obtained from the linear fitting. From
these values we noted that some elements, such as Mg and Cr,
have σ[X/Fe] values that are smaller than typical uncertainties on
their [X/Fe] ratios and that have χ2
red∼1. On the other hand, the
straight line model completely fails in fitting the [X/Fe]-age re-
lations of Na and Ni. Similar differences in the fit goodness have
been found also by N15 when comparing the same elements. As
mentioned in the introduction, S16 attributed this large dissim-
ilarity to turnovers that may be present in the [X/Fe]-age distri-
butions.
In order to verify if these relations are linear or if they have
turnovers as suggested by S16, we repeated the fitting procedure
using a model based on a general hyperbolic function
[ X
Fe
]
= a +
√(
Age[Gyr] − k)2
b2
+ 1.
This model has three parameters and it would provide rough, but
adequate estimations of the ages correspondent to the turnovers
or stationary points (hereafter, knees) of the [X/Fe] vs age distri-
butions (the “k” parameter in the equation above). The resulting
parameters are reported in the fourth, fifth and sixth columns
of Table 2 and plotted in Fig. 1 as solid red lines. The param-
eters of the hyperbolic functions are satisfactorily constrained
with the only exceptions of elements like C, O, Mg, Al, and Ti,
whose [X/Fe] ratios show a quasi-linear dependence with age.
For these elements we report in Table 2 a lower limit for the k
parameter at 7 Gyr. Comparing the χ2
red of the linear fit to those
of hyperbolic fit, reported in Table 3, we note that the hyper-
bolic model resulted in lower χ2
red values for the majority of the
elements, except for C, O, Al, and Ti.
The third model used to fit the data set is based on a two-
segmented function, defined as follows:
[ X
Fe
]
=
{
a + b × Age[Gyr] if Age[Gyr] ≤ k
a + (b − c) × k + c × Age[Gyr] if Age[Gyr] > k .
We did not perform this fit on the elements whose parameters
have not been strongly constrained through the hyperbolic model
(i.e., C, O, Mg, Al, and Ti), since the fitting procedure would re-
sult in functions very similar to straight lines. The parameters
are reported in the last four columns of Table 2 and the functions
plotted in Fig. 1 as dashed green lines. The two-segmented line
model is the most complex of the three models adopted for the
fitting procedure (it has four parameters), but it allows us to ver-
ify if we can recover knee-ages similar to those obtained through
the hyperbolic model. The values of the “k” parameter obtained
from the two models are consistent within the uncertainties, ex-
cept for Na and Mn.
In order to evaluate which of the three models provides the
best fit of the [X/Fe]-age relations, we conducted a statistical
comparison of the results based on the F ratio (Fisher 1925).
This quantity associates the relative decrease in χ2 due to the use
of two different models in the fitting procedure to the relative
decrease in degrees of freedom. Namely, the F ratio is defined as
F =
(χ21 − χ22)/χ22
(d f1 − d f2)/d f2 ,
where χ21 and d f1 are the chi-square and the degree of freedom of
the simplest model. Thus, when F>1 the relative decrease of χ2
is greater than the relative decrease of degrees of freedom. There
are two possible explanations for this case: either the more com-
plex model is the best or the simpler model is correct, but random
scatter makes the more complex model fitting better. In this in-
stance, the knowledge of P values allows us to identify which
is the correct explanation among the two, since it represents the
probability that a random scatter is dominating the fitting (Pear-
son 1900; Fisher 1925). In the last four columns of Table 3 we
reported the F ratios and the P values obtained by comparing
the linear model with the hyperbolic model (columns eight and
nine) and the linear model with the two-segmented line model
(columns ten and eleven). We did not calculate the P value when
F<1. These quantities clearly indicate that the two more com-
plex models (i.e., the hyperbolas and the two-segmented lines)
better reproduce the data set, except for C, O, Al, and Ti, which
have F ratios<1. Among the 13 elements with FLin−Hyp>1, all the
species have PLin−Hyp<0.07 and only three have PLin−Hyp>0.01
(i.e., Mg, S, and Cr). Similar results have been found when
comparing the straight line model with the two-segmented line
model. The outcomes of this statistical comparison between the
three models demonstrates that indeed most of the [X/Fe]-age
relations analysed in this paper are characterised by a knee lo-
cated at different ages within 4 and 7 Gyr. As we will detail in
Section 3.1.2, the knee ages depend on the nature of the specific
element. In addition, the fact that FLin−Hyp is always greater than
FLin−2S L indicates that the hyperbolic model is the function that
better fits the data among the two non-linear models. For this
reason, hereafter we will discuss only the parameterisation of
the [X/Fe]-age relations defined through the hyperbolic model.
3.1.2. Evolution of the [X/Fe] ratios
The hyperbolic functions overplotted in Fig. 1 and parametrised
in Table 2 highlight the peculiarities of each element in the
[X/Fe] vs age relations that reflect their various histories of nu-
cleosynthesis. We note that most of the elements are charac-
terised by having an early [X/Fe] increment as times goes on,
that is followed by a decrement for the youngest stars (e.g., see
Na and Ni). The age of the knee can vary significantly from
4 Gyr to older ages. Some other species (i.e., O, Mg, Al, and
Ti) do not show the early increment, however their distributions
flatten at 6-8 Gyr. Only Ca and Cr present an early [X/Fe] decre-
ment with time and a subsequent rise.
Assuming the yields from SNe II and SNe Ia (W7 model)
listed in Nomoto et al. (1997a,b), we plot in Fig 2 the knee-ages
of the various elements as a function of the ratios between the
yields of the two types of SNe. Interestingly, most of the ele-
ments that are mainly produced by SNe II (i.e, the α-elements)
are those with a knee-age&6 Gyr. Contrarily, all the elements
yielded primarily by SNe Ia (i.e., the iron-peak elements) have
knee-ages <5.5 Gyr.
As mentioned in the introduction, the α-elements are pro-
duced primarily by SNe II events due to high-mass stars of negli-
gible lifetimes in comparison to galaxy evolution timescales. On
the other hand, iron is spread into the ISM by both SNe II and
SNe Ia, where SNe Ia operate on longer timescales. Therefore,
the oldest stars of the thin disk are those formed shortly after the
ISM has been enriched by SNe II, thus they should show higher
[α/Fe] ratios. Besides, the stars that formed sometime after the
SNe Ia pollution will have higher iron abundances and lower
[α/Fe] ratios. As we can observe from Fig. 1, the decrease of the
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Table 2: Results of the fitting of the elements with Z≤30
Linear Hyperbolic Two-Segmented line
Element a b k a b k a b c
[dex] [dex Gyr−1] [Gyr] [dex] [Gyr dex−1] [Gyr] [dex] [dex Gyr−1] [dex Gyr−1]
C −0.133±0.018 0.030±0.003 &7∗ ∼1.085 ∼22.8 — — — —
O −0.095±0.013 0.016±0.002 &7∗ ∼1.356 ∼45.8 — — — —
Na −0.107±0.019 0.015±0.003 5.0±0.1 1.029±0.005 −6.3±0.4 5.8±0.3 −0.129±0.021 0.0314±0.0076 −0.064±0.017
Mg −0.045±0.005 0.0100±0.0009 &7∗ ∼1.025 ∼18.2 — — — —
Al −0.062±0.008 0.0147±0.0015 &7∗ ∼1.043 ∼15.5 — — — —
Si −0.025±0.004 0.0051±0.0008 5.9±0.3 1.013±0.002 15.2±1.8 6.0±0.4 −0.035±0.005 0.0089±0.0014 −0.008±0.004
S −0.045±0.009 0.0046±0.0017 5.8±0.6 0.989±0.005 15.1±3.6 4.6±0.9 −0.072±0.017 0.0145±0.0062 −0.004±0.005
Ca 0.021±0.004 −0.0014±0.0008 5.0±0.2 −0.998±0.003 14.2±1.4 4.8±0.5 0.044±0.007 −0.0098±0.0025 0.007±0.003
Sc −0.024±0.010 0.0071±0.0018 5.5±0.2 1.037±0.005 10.0±1.0 5.7±0.5 −0.056±0.013 0.0184±0.0037 −0.019±0.009
Ti −0.016±0.005 0.0061±0.0011 &7∗ ∼1.045 ∼41.2 — — — —
V 0.013±0.007 −0.0034±0.0012 4.7±0.2 1.014±0.003 12.6±1.2 4.8±0.5 −0.029±0.009 0.0099±0.0031 −0.012±0.003
Cr 0.012±0.003 −0.0024±0.0005 6.2±0.7 −1.005±0.002 25.0±5.1 6.9±0.5 0.014±0.003 −0.0031±0.0007 0.006±0.006
Mn −0.057±0.010 0.0075±0.0019 4.8±0.2 1.004±0.008 9.8±1.5 3.4±0.7 −0.106±0.041 0.0347±0.0187 −0.010±0.005
Co −0.065±0.015 0.012±0.003 5.2±0.2 1.020±0.004 8.8±0.7 5.2±0.3 −0.096±0.014 0.0242±0.0040 −0.020±0.006
Ni −0.053±0.010 0.0076±0.0017 5.0±0.1 1.016±0.004 8.6±0.6 5.3±0.4 −0.088±0.015 0.0228±0.0052 −0.027±0.006
Cu −0.108±0.013 0.020±0.003 7.1±0.8 1.025±0.008 11.0±1.8 6.7±0.5 −0.127±0.014 0.0260±0.0033 −0.039±0.037
Zn −0.075±0.007 0.0122±0.0014 6.3±0.4 1.012±0.004 11.4±1.4 6.9±0.3 −0.090±0.009 0.0177±0.0021 −0.051±0.035
*) The values used for the functions plotted in Fig. 1 are 16.3, 48.0, 8.0, 8.2, and 15.0 Gyr for C, O Mg, Al, and Ti, respectively.
Table 3: Statistical tests resulting from the fitting of the elements with Z≤30
Linear Hyperbolic Two-Segmented line Statistical model comparison
Element σ[X/Fe] χ2red df
∗ σ[X/Fe] χ2red σ[X/Fe] χ
2
red FLin−Hyp PLin−Hyp FLin−2S L PLin−2S L[dex] [dex] [dex]
C 0.033 4.86 39 0.033 5.04 — — −0.37 — — —
O 0.028 5.19 39 0.028 5.37 — — −0.27 — — —
Na 0.030 12.46 39 0.033 1.89 0.028 1.98 218.94 1.11−16 106.20 4.44−16
Mg 0.011 1.04 39 0.011 0.91 — — 6.22 1.71−2 — —
Al 0.017 2.56 39 0.015 2.61 — — 0.21 — — —
Si 0.010 1.60 39 0.010 1.16 0.009 1.14 15.8 3.03−4 8.54 8.95−4
S 0.020 1.51 38 0.021 1.40 0.020 1.33 3.97 5.36−2 3.33 4.70−2
Ca 0.009 2.23 39 0.009 1.28 0.008 1.34 30.01 2.89−6 14.19 2.66−5
Sc 0.021 2.67 23 0.021 1.20 0.019 1.33 29.19 2.00−5 13.37 1.80−4
Ti 0.012 2.13 39 0.012 2.21 — — −0.40 — — —
V 0.014 1.92 23 0.011 0.85 0.011 0.82 29.84 1.73−5 15.12 8.56−5
Cr 0.006 1.03 39 0.006 0.96 0.006 0.93 3.57 6.64−2 2.87 6.94−2
Mn 0.019 4.14 23 0.019 2.26 0.020 2.71 20.17 1.82−4 8.08 2.50−3
Co 0.021 4.39 23 0.020 0.96 0.020 1.06 83.68 5.95−9 39.36 7.87−8
Ni 0.018 7.51 39 0.019 1.61 0.017 1.77 143.85 1.73−14 68.77 3.44−13
Cu 0.019 1.62 23 0.017 1.21 0.013 1.05 8.94 6.74−3 6.03 8.53−3
Zn 0.019 2.34 39 0.018 1.80 0.019 1.55 12.70 1.01−3 9.17 5.88−4
*) The degrees of freedom (df) are listed only for the linear fitting (two parameters). These related to the hyperbolic (three parameters)
and two-segmented line (four parameters) fitting are immediately deducible.
[α/Fe] ratios began at very old ages, at ∼7 Gyr or even earlier.
This would suggest that the enrichment from SNe Ia started to
be significant within ∼1 Gyr after the formation of the thin disk.
The unique element that does not fit the explanation is Na,
that, like the α-elements, is mainly produced by SNe II (see
Fig. 2), but its knee-age value is similar to that typical of iron-
peak elements (∼5 Gyr). This peculiar behaviour is somewhat
expected, since the synthesis of Na is controlled by the neutron
excess (Timmes et al. 1995), meaning that the Na mass produced
in SNe is highly dependent from the stellar metallicity (see Fig.
5 in Kobayashi et al. 2006). Thus, the first generation of stars,
those with the lowest metallicity, did not deliver to the ISM as
much Na as the later SNe progenitor did. This would explain
why the thin disk underwent a gradual [Na/Fe] increase dur-
ing its first 2-3 Gyr, with a knee-age that is somewhat delayed
in time with respect to that of other α-elements, like Si or S.
Analogously to Na, Sc is also mainly synthesised by SNe II,
with a high dependency from the metallicity of the progenitor
(Kobayashi et al. 2006): the mass of Sc produced by stars with
solar metallicity (Z=0.02) is more than ten times the mass pro-
duced by stars with Z=0. Also for this element we observe a knee
that is slightly delayed in comparison with other α-elements.
Since the enrichment from massive stars lasts only while the
stellar formation is active, the rate of SNe II is expected to de-
crease after the first few Gyrs from the formation of the Galactic
disk (Gibson et al. 2003), quenching their contribution to the
pollution of the ISM. On the other hand, iron is continuously de-
livered by SNe Ia resulting in a decrement of the [α/Fe] ratios
through younger ages.
Like iron, the iron-peak elements V, Mn, Co, and Ni are pro-
duced by both SNe II and SNe Ia, and their [X/Fe] vs age rela-
tions are similar to that displayed by Na: an early [X/Fe] rise, the
knee at ∼5 Gyr, and a later decrement towards younger ages (see
Fig. 1). For these elements, the [X/Fe] increment extended in
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Fig. 2: Ages for the location of the knee in the [X/Fe]-age rela-
tions (i.e., the k parameters from the hyperbolic fitting in Table 2)
as a function of logarithmic ratios between the yields of SNe II
and SNe Ia (Nomoto et al. 1997a,b).
time likely reflects the longer timescales in which SNe Ia pollute
the ISM. However, the reason for the knee and the late [X/Fe] de-
crease are still unclear. The significant, and in some cases dom-
inant, contribution from SNe Ia toward the production of these
elements excludes a simple explanation, mainly because of the
variety of the possible SN Ia sources.
A series of observational studies made clear that both the
environment and the path that lead to SNe Ia explosions play a
role in their yields (e.g., Stritzinger et al. 2006; Ellis et al. 2008;
Howell et al. 2009; Kelly et al. 2010; Foley et al. 2013; Graham
et al. 2015). These results corroborate the outcomes of several
theoretical models suggesting that the SNe Ia yields are strongly
affected by the metallicity, mass, and age of the progenitor (e.g.,
Timmes et al. 2003; Travaglio et al. 2005; Mannucci et al. 2006;
Jackson et al. 2010; De et al. 2014; Travaglio et al. 2015), as well
as by asymmetries in the explosion (Chamulak et al. 2012).
It is plausible that the late evolution of the iron-peak ele-
ments could be the result of the different two main channels
that trigger the SN Ia explosions: the single- and the double-
degenerate scenarios (Iben & Tutukov 1984; Webbink 1984). A
key difference, for example, is the fact that the two channels
involve very different time distributions of the SNe rates (e.g.,
Yungelson & Livio 2000; Ruiter et al. 2009; Mennekens et al.
2010; Yungelson 2010; Bours et al. 2013; Wang et al. 2013;
Claeys et al. 2014; Maoz et al. 2014). Namely, for the single-
degenerate model, most of the possible donors6 are limited in a
strict range of masses, ∼2-3 M⊙ (Langer et al. 2000; Han & Pod-
siadlowski 2004), and since these systems explode shortly after
the donor evolves of the main sequence, the resulting SNe Ia
explosions are mostly concentrated in a narrow interval of time
between a few hundred of Myrs and 2 Gyr after an onset of star
formation. On the other hand, besides the prompt SNe Ia explo-
sions proposed by Bonaparte et al. (2013), the merger rate in the
double-degenerate models is expected to reach a maximum very
early (the typical time in which the stars with masses below 8 M⊙
6 The single-degenerate scenario for near-Chandrasekhar mass white
dwarfs probably has at least two sub-channels dependent on the mass of
the donor (Kobayashi et al. 1998). A first class involves helium-burning
intermediate-mass stars donating mass to the white dwarf, while in a
second class the donor is a red giant or main sequence star of ∼1M⊙. The
first class has shorter timescales (∼100-500 Myr) and it is the dominant
channel, while the second has timescales >1 Gyr (Ruiter et al. 2014).
evolve into the first white dwarfs) and then moderately declines
with time. This implies that the production of iron-elements in
the early evolution of the Galaxy should be driven by both the
SN Ia channels, but after ∼5 Gyr from the initial burst of star for-
mation it should be dominated by SNe Ia caused by the merger
of white dwarfs.
It is also very likely that the exploding white dwarf mass
in the double-degenerate model, might play an important role
in the chemical evolution of the Galactic disk. In addition, it is
generally accepted that, under certain circumstances, the SN Ia
detonation can be activated even if the combined mass does not
exceed the Chandrasekhar mass (e.g., Pakmor et al. 2010; van
Kerkwijk et al. 2010). Owing to the lower mass of the progen-
itors, this sub-Chandrasekhar mass scenario could be of great
importance in the latest evolution of the Galaxy. It is also re-
markable that, as shown by Seitenzahl et al. (2013), the material
released into the ISM by the sub-Chandrasekhar SN Ia have a
[Mn/Fe] ratio that is negative and significantly lower than that
produced by near-Chandrasekhar SN Ia explosions. This would
imply a late decrement of the [Mn/Fe] ratio as time goes on,
similar to what we observe in Fig. 1.
Finally, the recent calculations performed by Miles et al.
(2015) have shown that the variations in the progenitor metal-
licity results in several trends in the SNe Ia yields, since they are
affected by the neutron excess in the composition of the progen-
itor white dwarf. Namely, the increase of the initial metallicity
would lead to a more efficient production of iron (see Fig. 3 in
Miles et al. 2015). This could account for the lower [X/Fe] ratios
observed for the iron-peak elements in the youngest stars.
Additional hints on the production of an iron-peak element
like Ni could be provided by the plot in Fig. 3 (left) showing
the existence of a tight relation between the [Na/Fe] and [Ni/Fe]
ratios. A linear fit that takes into account the errors in both coor-
dinates provides the following relation:
[ Ni
Fe
]
= 0.0021 (±0.0018)+ 0.58 (±0.04) ×
[Na
Fe
]
,
with a standard deviation of σ[Ni/Fe]=0.008 dex. This correlation
was already seen among solar twin stars (N15) and for stars in
dwarf spheroidal galaxies (Venn et al. 2004; Letarte et al. 2010;
Lemasle et al. 2014). As enlightened by Venn et al. (2004), the
23Na is the only stable neutron-rich isotope produced in large
amounts by the hydrostatic C burning during the SN II events.
Also the stable 58Ni isotope is yielded during the SN II explo-
sions, but its production is controlled by the abundance of the
neutron-rich elements, like 23Na; for more details see Thiele-
mann et al. (1990). This is why a Na-Ni relation is somehow
expected when the chemical enrichment is dominated by SN II
explosions. However, Ni is significantly produced also by SN Ia
explosions, whose Na yields are not well constrained. This is
why it is still unclear if there is a contribution of SNe Ia to the
Na-Ni relation. Anyway, our data clearly show that such relation
exist for stars of all the ages and of the two populations (thin and
thick disk), which may suggests that the channels that are leading
the latest chemical evolution of the Galactic disk are maintaining
the Na-Ni dependence.
Other elements, such as Sc, show similar correlations with Ni
(Fig. 3 - right) due to the neutron-rich environment that boosts
the production of both the elements (e.g., Kobayashi et al. 2006).
However, the Sc-Ni correlation is not as tight as that found for
Na-Ni. In addition, contrarily to the Na-Ni relation, the thick-
disk star is an outlier of the Sc-Ni main distribution and, for this
reason, has not been considered for the linear fit.
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Fig. 3: [Ni/Fe] as a function of [Na/Fe] (left) and as a function of [Sc/Fe] (right), with the symbols as in Fig. 1. The dashed red lines
correspond to linear fits.
Also the mechanism that is driving the increase of the
[Ca/Fe] and [Cr/Fe] ratios seen for the youngest stars, largely re-
mains an open question. Probably, as for the iron-peak elements,
the models’ uncertainties and the large variety of the SNe Ia ex-
plosion mechanisms, complicate a simple explanation. For in-
stance, as suggested by N15, the increasing trend as time goes
on observed for Ca could be the effect of a new type of SNe
characterised by a large production of Ca that would be up to 10
times greater than that synthesised by SN Ia (Perets et al. 2010).
3.2. The neutron-capture elements
The [X/Fe] ratios of the n-capture elements are plotted in Fig. 4
as a function of the stellar ages. As mentioned in Section 1, these
species are synthesised by a mixture of the s- and r-process.
The thin disk stars are characterised by a [X/Fe] increment as
time goes on, which is probably the result of the elemental syn-
thesis from the s-process in AGB stars. In fact, the latest con-
tribution to chemical evolution by AGB stars, especially those
of lower mass (Busso et al. 2001; D’Orazi et al. 2009; Maiorca
et al. 2011), should have an impact on the production n-capture
elements greater than that of SNe (Battistini & Bensby 2016).
Therefore, the [X/Fe]-age dependency of each n-element is prob-
ably mainly controlled in the thin disk by its rate of production
through the s-process, rather than the r-process.
With the aim to test this hypothesis, we performed a linear
fit of the [X/Fe] vs age relations shown by the thin disk stars in
Fig. 4, adopting the orthogonal distance regression method and
the following formula, [X/Fe]=a+b×age. The resulting param-
eters are listed in Table 4 and the linear fits are over-plotted in
Fig. 4. In Fig. 5 we show the slope of each element (i.e., the b pa-
rameters), obtained by the linear fitting, as a function of their so-
lar s-process contribution percentages taken from Bisterzo et al.
(2014). Based on these production rates, we can consider Ba as a
“prototype” s-process element owing to its high s-process contri-
bution, which is responsible for ∼81% of Ba. On the other hand,
Eu can be considered a nearly pure r-process element, since the
s-process accounts for only ∼6% of its synthesis. The difference
in the production rates through s-process between these two ele-
Table 4: Results of the fitting of n-capture elements
Element a b σ[X/Fe] χ2red
[dex] [dex Gyr−1] [dex]
Y 0.141 ± 0.010 −0.033 ± 0.002 0.024 1.02
Ba 0.207 ± 0.027 −0.035 ± 0.005 0.044 4.22
La 0.161 ± 0.026 −0.027 ± 0.005 0.030 2.87
Ce 0.192 ± 0.037 −0.030 ± 0.007 0.032 9.15
Nd 0.160 ± 0.020 −0.024 ± 0.004 0.029 3.22
Eu 0.092 ± 0.009 −0.013 ± 0.002 0.022 1.25
ments results in two very different b slopes: Ba has a very steep
[X/Fe]-age dependence, while the correlation found for Eu is al-
most flat. Indeed, a relation between the b parameters and the
s-process contributions exists in Fig. 5 for all the n-capture el-
ements. Namely, the elements with a higher contribution from
the s-process are those with a steeper [X/Fe]-age slope. This re-
sult is consistent with AGBs being mainly responsible for the
enrichment of n-capture elements in the thin disk. However, this
hypothesis assumes that all the r-process production occurs on
sites of nucleosynthesis of very short timescales (e.g., SNe II)
and that the contribution of the r-process is negligible in the lat-
est stage of galactic evolution. This hypothesis is not necessarily
true since colliding neutron stars can produce r-process elements
(e.g., Wanajo et al. 2014), although notice that the timescales of
these mergers are also short since a larger fraction (∼70%) have
a coalescence timescale <1 Gyr (Vangioni et al. 2016).
Since the AGB yields are highly dependent on the progeni-
tor mass (Fishlock et al. 2014) and on metallicity (Busso et al.
2001; Karakas & Lugaro 2016), one would expect to observe
non-linear [X/Fe]-age relations for the s-process elements re-
sulting from the delayed pollution from low-mass AGB stars
with respect to the early contribution from the intermediate-mass
AGB stars. Unfortunately the few abundance determinations for
the n-capture elements in solar twins prevents us from estabil-
ishing eventual non-linearities in the [X/Fe] vs age plots shown
in Fig. 4. Better constraints in these relations would ensure pow-
erful diagnostics of the AGB progenitor mass distribution.
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Fig. 4: [X/Fe] ratios as a function of stellar ages for the nine solar twins analysed here (circles). We also plotted the measurements
from Ramírez et al. (2011); Nissen (2015); Spina et al. (2016); Yana Galarza et al. (2016), as triangles. The red triangles represent
the thick disk stars. The [X/Fe]-age distributions have been fitted by the functions showed as red dashed lines, whose parameters
are listed in Table 4.
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Fig. 5: Slopes of the [X/Fe]-age relations found for the n-capture
elements (i.e., the b parameters in Table 4) as a function of
their solar s-process contribution percentages taken from Bis-
terzo et al. (2014).
The thick disk stars have [Y/Fe] ratios that are slightly
greater than the ratios determined for most of the oldest thin
disk stars. The change in slopes for the two different populations
was already noted by Battistini & Bensby (2016) for a number
of n-capture elements. They argue that the [X/Fe] increase that
they observed for Sr, Zr, La, Nd, Sm, and Eu in stars older than
8 Gyr, is due to the production of these elements via SNe II, but
it could also be due to massive stars (e.g., Hansen et al. 2014;
Frischknecht et al. 2016).
3.3. Chemical clocks
The plot shown in Fig. 6 confirms that, as already found by N15
and Tucci Maia et al. (2016), the [Y/Mg] ratio is a sensitive in-
dicator of age. A linear fit that includes both the thin and thick
disk stars and which takes into account the errors in both the
coordinates, results in the following relation:[
Y
Mg
]
= 0.176 (±0.011)− 0.0410 (±0.0017)× Age [Gyr] ,
which is in excellent agreement with the relations provided by
N15 and Tucci Maia et al. (2016). However, it is noteworthy
that also [Y/Al] shows a very tight correlation with age and that,
most importantly, this [Y/Al] - age dependence is steeper than
that exhibited by [Y/Mg]:[ Y
Al
]
= 0.194 (±0.011) − 0.0459 (±0.0018)× Age [Gyr] .
The two relations have similar level of scatter (i.e.,
σ[Y/Mg]=0.029 and σ[Y/Al]=0.029 dex), thus both the [Y/Mg] and
[Y/Al] ratios can serve as sensitive age indicators that are com-
pletely independent from the classical methods used for age de-
terminations (e.g., isochrones, Li depletion, gyrochronology).
Notice that the slightly higher steepness of the [Y/Al] - age re-
lation would provide better constraints on the stellar ages with
respect to the [Y/Mg] clock.
4. Summary and conclusions
Using high-quality UVES spectra of nine solar twins, we ob-
tained precise estimates of stellar ages and chemical abundances.
These determinations have been integrated with additional accu-
rate age and abundance determinations from recent spectroscopy
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Fig. 6: [Y/Mg] and [Y/Al] as a function of age, with the same symbols of Fig. 1. The red dashed lines correspond to linear fits.
studies of 32 solar twins existing in the literature (Ramírez et al.
2011; Tucci Maia et al. 2014; Nissen 2015; Spina et al. 2016;
Yana Galarza et al. 2016). So far, this represent the largest data
set from which high-precision abundances of 24 species have
been determined in order to outline the [X/Fe]-age relations over
a time interval of ∼10 Gyr.
Our main results can be summarised as follows:
– the thin and thick disk populations are clearly distinguish-
able by both the stellar ages and chemical composition (see
Fig. 1 and 4). All the thick disk stars are older than 8 Gyr and
are enhanced in the α-elements with respect to the thin disk
population;
– among the thin disk stars, tight correlations exist between the
[X/Fe] ratios and the stellar ages for many elements that we
analysed (see Fig. 1). We fitted the [X/Fe]-age relation of the
light elements (i.e., from C to Zn) using three different mod-
els based on a straight line, hyperbolic and two-segmented
line functions, respectively. Through a statistical comparison
of the results, we demonstrated that most of these species
present non-linear or non-monotonic [X/Fe]-age relations.
We showed that the hyperbolic model is the most appropri-
ate in fitting the [X/Fe]-ages distribution of most of the light
elements. This hyperbolic fit provides age estimates of the
knees of the [X/Fe]-age relations. Nevertheless, the [X/Fe]
ratios of C, O, Al, and Ti show a more linear dependence to
age;
– a relation connects the age at the knees of each species and
their logarithmic ratios between the SN II and SN Ia yields
(see Fig. 2). This relationship reflects the different histories
of nucleosynthesis that each element underwent in the thin
disk;
– the stars with ages ∼6-8 Gyr are the most enriched in α-
elements among the thin disk population (Fig. 1). This early
enrichment in the species mostly produced by SNe II, could
be due to an initial and intensive star formation burst that
gave origin to the thin disk. For stars younger than 6-7 Gyr,
the [X/Fe] ratios of the α-elements linearly declines with
time. This decrement reflects the contribution of SNe Ia to
the chemical evolution of the disk, that started to be non-
negligible ∼1 Gyr after the initial stellar formation burst;
– like the α-elements, Na is mainly produced by SNe II. How-
ever it shows an early [X/Fe] increase that is somewhat more
protracted in time with respect to the α-elements (Fig. 1).
This peculiarity could be due to the high metallicity depen-
dency of the Na yields from SNe II;
– the species that are synthesised by SNe Ia present an early
[X/Fe] increment that is extended in time (see Fig. 1) and
that could be the effect of the ∼1 Gyr delay in the contri-
bution from SNe Ia from the star formation burst. This early
[X/Fe] increase ends at 4-6 Gyr and it is followed by a [X/Fe]
decrease towards younger stars. The evolution of the iron-
peak elements may be interpreted invoking multiple types of
SNe Ia, which are triggered by different progenitors and op-
erate with different timescales;
– the elements Ca and Cr are characterised by having a [X/Fe]
increase for the youngest stars as time goes on (Fig. 1). These
trends are also difficult to interpret based on the classical
yields of SNe II and Ia. For instance, it is striking that Ca
and the α-elements show opposite behaviours;
– the [X/Fe] ratios of the n-capture elements increase with time
towards the youngest stars (see Fig. 4). The slopes of the
[X/Fe]-age relations are related to the contribution percent-
ages to each element from the s-process (see Fig 5): the el-
ements that are mainly produced by the s-process are those
with a steeper slope. This suggests that the enrichment in n-
capture elements of the thin disk is mainly operated by AGB
stars;
– both the [Y/Mg] and [Y/Al] ratios are powerful age indica-
tors (see Fig. 6). However, among these two, the [Y/Al] ratio
may be the best stellar clock since its dependence with age
is slightly steeper than that found for [Y/Mg].
Knowledge of the [X/Fe]-age relations is a gold mine from
which we can achieve a great understanding about the processes
that governed the formation and evolution of the Milky Way:
the nature of the star formation history, the SNe rates, the stellar
yields, and the variety of the SNe progenitors, etc. Studies like
that of N15 and this work pave the way to a reverse engineering
effort, that is both timely and necessary to reconstruct, through
chemical evolution models (e.g., Chiappini et al. 1997; Mat-
teucci et al. 2009; Romano et al. 2010; Kobayashi & Nakasato
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2011; Minchev et al. 2014; Andrews et al. 2016), the nucleosyn-
thetic history of the elements in the Galactic disk.
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Table 5: The [X/Fe] ratios from our analysis
Star C O Na Mg Al Si
18Sco −0.063±0.015 (5) −0.050±0.009 (3) −0.031±0.007 (4) −0.014±0.012 (4) −0.021±0.013 (6) −0.007±0.009 (14)
HIP56948 −0.011±0.015 (5) −0.005±0.011 (3) −0.004±0.011 (4) −0.007±0.005 (3) −0.008±0.005 (2) 0.003±0.010 (12)
HIP102152 0.008±0.011 (4) 0.009±0.008 (3) −0.046±0.010 (3) 0.025±0.016 (3) 0.015±0.010 (6) 0.002±0.007 (13)
HD20630 −0.106±0.022 (4) 0.008±0.019 (3) −0.075±0.023 (3) −0.083±0.017 (3) −0.051±0.022 (6) −0.027±0.017 (13)
HD202628 −0.087±0.030 (4) −0.044±0.009 (3) −0.077±0.009 (3) −0.020±0.018 (3) −0.058±0.022 (6) −0.010±0.009 (13)
HIP30502 −0.065±0.010 (4) −0.015±0.011 (3) −0.036±0.005 (3) 0.030±0.028 (3) −0.001±0.024 (6) 0.003±0.012 (13)
HIP73815 −0.012±0.031 (4) −0.008±0.012 (3) −0.003±0.005 (3) 0.021±0.025 (3) −0.004±0.026 (6) 0.007±0.011 (13)
HIP77883 −0.015±0.012 (4) 0.008±0.009 (3) −0.019±0.010 (3) 0.011±0.009 (3) 0.006±0.012 (6) 0.004±0.009 (13)
HIP89650 0.041±0.005 (4) 0.045±0.025 (3) 0.021±0.017 (3) 0.036±0.018 (3) 0.003±0.020 (6) 0.010±0.014 (13)
Star S K Ca Sc Ti V
18Sco −0.038±0.016 (6) −0.016±0.006 (1) 0.002±0.009 (10) −0.006±0.009 (11) −0.002±0.010 (31) −0.013±0.009 (9)
HIP56948 −0.013±0.010 (4) −0.011±0.006 (1) 0.003±0.011 (11) 0.003±0.009 (12) 0.001±0.008 (20) 0.015±0.013 (12)
HIP102152 −0.001±0.026 (6) 0.010±0.007 (1) 0.010±0.008 (10) −0.003±0.009 (9) 0.012±0.009 (21) −0.021±0.004 (9)
HD20630 −0.026±0.016 (6) 0.013±0.011 (1) 0.020±0.018 (10) −0.038±0.014 (9) −0.022±0.013 (21) −0.012±0.017 (9)
HD202628 −0.053±0.034 (6) 0.034±0.010 (1) 0.030±0.013 (10) 0.002±0.013 (9) 0.015±0.009 (21) −0.005±0.015 (9)
HIP30502 −0.059±0.019 (6) −0.019±0.007 (1) 0.007±0.009 (10) 0.017±0.013 (9) 0.024±0.010 (21) 0.005±0.009 (9)
HIP73815 0.012±0.025 (6) 0.039±0.006 (1) −0.004±0.015 (10) 0.025±0.005 (9) 0.005±0.011 (21) −0.006±0.010 (9)
HIP77883 0.005±0.032 (6) −0.010±0.005 (1) 0.004±0.010 (10) 0.009±0.008 (9) 0.020±0.010 (21) −0.002±0.011 (9)
HIP89650 0.015±0.020 (6) 0.038±0.007 (1) −0.002±0.014 (10) 0.028±0.008 (9) −0.005±0.010 (21) −0.001±0.014 (9)
Star Cr Mn Co Ni Cu Zn
18Sco 0.007±0.005 (21) −0.011±0.005 (5) −0.028±0.009 (9) −0.013±0.010 (19) −0.023±0.008 (4) −0.034±0.004 (3)
HIP56948 −0.002±0.009 (12) 0.000±0.011 (6) 0.008±0.009 (7) 0.005±0.007 (13) −0.005±0.010 (4) 0.001±0.006 (3)
HIP102152 −0.004±0.007 (16) −0.029±0.009 (5) −0.035±0.009 (8) −0.024±0.010 (17) −0.002±0.017 (4) 0.010±0.014 (2)
HD20630 0.017±0.015 (16) −0.015±0.020 (5) −0.064±0.023 (9) −0.057±0.018 (19) −0.094±0.030 (4) −0.068±0.009 (2)
HD202628 0.006±0.014 (16) −0.052±0.010 (5) −0.044±0.020 (9) −0.060±0.014 (19) −0.096±0.037 (4) −0.056±0.006 (2)
HIP30502 −0.003±0.007 (16) −0.033±0.006 (5) 0.002±0.009 (9) −0.013±0.009 (19) −0.013±0.005 (4) −0.042±0.012 (2)
HIP73815 −0.008±0.009 (16) −0.013±0.005 (5) 0.000±0.011 (9) −0.015±0.010 (19) 0.032±0.036 (4) 0.019±0.015 (2)
HIP77883 0.005±0.009 (16) −0.004±0.009 (5) 0.003±0.022 (9) −0.007±0.021 (19) 0.016±0.024 (4) 0.016±0.004 (2)
HIP89650 −0.004±0.010 (16) −0.005±0.013 (5) 0.021±0.014 (9) 0.004±0.011 (19) 0.030±0.024 (4) 0.021±0.006 (2)
Star Y Ba La Ce Nd Eu
18Sco 0.053±0.010 (5) 0.066±0.009 (3) 0.084±0.010 (3) 0.066±0.015 (8) 0.103±0.020 (6) 0.138±0.051 (4)
HIP56948 0.008±0.007 (5) 0.002±0.005 (3) 0.006±0.013 (2) 0.027±0.027 (4) 0.033±0.009 (1) 0.057±0.015 (1)
HIP102152 −0.120±0.036 (5) −0.014±0.004 (2) −0.029±0.035 (1) −0.018±0.009 (1) 0.013±0.017 (3) 0.053±0.034 (1)
HD20630 0.088±0.065 (5) 0.192±0.015 (3) 0.170±0.042 (1) 0.143±0.016 (1) 0.095±0.026 (2) 0.085±0.008 (1)
HD202628 0.068±0.075 (5) 0.206±0.021 (3) 0.196±0.024 (1) 0.182±0.009 (1) 0.176±0.005 (2) 0.060±0.010 (1)
HIP30502 −0.035±0.044 (5) 0.037±0.016 (3) 0.010±0.006 (1) 0.089±0.003 (1) 0.086±0.031 (2) 0.032±0.026 (1)
HIP73815 −0.124±0.041 (5) −0.020±0.033 (3) −0.049±0.017 (1) −0.019±0.009 (1) −0.003±0.036 (2) −0.008±0.011 (1)
HIP77883 −0.097±0.030 (5) −0.016±0.014 (3) −0.011±0.009 (1) −0.042±0.007 (1) −0.022±0.031 (2) −0.002±0.008 (1)
HIP89650 −0.050±0.033 (5) −0.004±0.011 (3) 0.019±0.015 (1) 0.043±0.009 (1) 0.012±0.054 (2) 0.021±0.009 (1)
In brackets we report the number of lines that have been detected for each element.
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